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Welcome to our first edition of the Drinking Water Quality Reportl This report provides information about the quality of 
drinking water The Region of Hamilton-Wentworth delivers to its customers, where the water comes from, and how it is 
treated. These reports will be presented each year and will serve to keep you informed on your drinking water and 
how The Region of Hamilton-Wentworth is continuing to work hard to provide you with safe, reliable and high-quality 
drinking water. We are very pleased with the 1999 results and we hope you can take a few minutes to read through 
the report. We welcome any questions or comments you may have and contacts are listed at the end of the report. 

Woodward Avenue Water Treatment Plant 



LAKE ONTARIO 




Three Raw Water Intakes provide water from Lake Ontario 
for the Woodward Avenue Water Treatment Plant. Chlorine 
is added seasonally at the intakes to control Zebra Mussels. 
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The Low Lift Pumping Station pumps raw 
water from the intake pipes through 
screens, which remove large debris, and 
then into the Water Treatment Plant. 



The High Lift Pumping Station delivers 
the treated water to the distribution system 
where it is piped to residents across the 
Region. Reservoirs and pumping stations 
store water, add chlorine as required and 
distribute it to individual pressure districts. 



Pre-chlorination: Chlorine is applied to the raw 
water before entering the coagulation chamber to 
ensure enough chlorine residual in the water to 
prevent growth of bacteria and keep filters clean. 



Clarification: Polyaiuminum Chloride is injected into the 
prechlorinated water to help solids in the water clump 
together. The coagulated water is then mechanically mixed 
and then settling of the solids takes place in sedimentation 
basins. 
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Filtration: The water is subsequently processed through 24 
dual media anthrafi It-sand filters, where remaining particles 
are removed. The filtered water is then pumped into the 
clearwell. In 2000, the anthrafilt layers will be replaced with 
granular activated carbon (GAC) to help remove tastes and 
odours imparted to the water by late summer algal blooms. 



Clear Well No. 2 




Clear Well No. 1 

Reservoir for storage of 

filtorpH wat«r 



Ammoniation: Anhydrous ammonia 
is added in order to maintain chlorine 
residual (to kill bacteria) throughout 
the distribution svstem. 



De-chlorlnation: Sulphur Dioxide is 
added to the filtered water when 
required to lower the chlorine residual 
to 0.85 to 1 ppm. 



Post-chlorination: Chlorine is added to the filtered water to maintain a 
residual level of 0.85 to 1 ppm, as per Ministry of Environment Guidelines. 

Fluoridation: Hydrofluosilicic acid is precisely metered into the water to raise 
the fluoride concentration in the filtered water to approximately 1 ppm. This 
helps to prevent tooth decay. 



Samples are analyzed by the Regional Environmental Laboratory 
(REL) located at the Woodward Avenue Water Treatment Plant 
(WTP). The REL is accredited by the Standards Council of Canada 
on recommendation by the Canadian Association for Environmental 
Analytical Laboratories for tests listed in their scope of testing. The 
accreditation is based on ISO Guide 25. The REL is managed by 
The Region of Hamilton- Wentworth. 



Raw water samples are collected at the Low Lift Pumping Station and 
tested for ammonia, chloride, chlorine (free and total), conductivity, 
fluoride, pH and turbidity on a rotating schedule; three days one week 
and two days the next. 



Treated water samples are collected at the High Lift Pumping Station at the Woodward Avenue WTP and tested for 
alkalinity, aluminum, ammonia, chlorine (free and total), conductivity, fluoride, hardness, nitrate, nitrite, pH and turbidity 
three times per day and on the same rotating schedule as the raw water. Treated water is also tested on a quarterly 
basis for metals and trihalomethanes. Trihalomethanes are disinfection by-products which are produced when chlorine 
reacts with naturally occurring organics in the water. Drinking water is also sampled for bacteria and chlorine residual 
on a regular basis both at the treatment plant and at over fifty locations within the distribution system. 



Hamilton-Wentworth Regional Well Supply 



There are four areas in the Regional Municipality of Hamilton-Wentworth that use ground water as their water source: 
Freelton (2 wells), Carlisle (4 wells), Greensville (1 well), and Lynden (1 well). The wells are inspected by staff three 
times per week, during which time the chlorine residuals, turbidities and flows are checked. The wells are equipped 
with on-line continuous chlorine residual analyzers (where chlorination is practiced). 

The REL provide all the physical, chemical, organic and inorganic collection/testing/analysis for the wells and 
distribution system. The community wells are tested weekly for bacteria and chlorine; quarterly for metals and 
trihalomethanes; and colour, pH and turbidity are tested at some of the wells as required by the Ministry of 
Environment. Nitrate samples are taken at the well once per month in Greensville and pesticide samples are taken 
quarterly at the well in Lynden as these are considered agricultural areas. 



Drinking Water Surveillance Program samples are collected for submission to the Ontario Ministry of the 
Environment two times per year from the plant, low-lift wet well, and two locations within the distribution system. 
The Region of Hamilton-Wentworth's drinking water consistently meets all Ontario Drinking Water Objectives. 



Listed below are eight health related chemical/physical or microbiological parameters which are subject to Ontario 
Drinking Water Objectives which were detected in the Region of Hamilton-Wentworth's treated water during 1999. 
Several other health related parameters were tested for but were not detected, and therefore, are not listed in the table. 



Glossary of Terms 



Maximum Acceptable Concentration (MAC) - The 

highest level of a contaminant that is allowed in drinking 
water, as defined by the Ontario Drinking Water 
Objectives. 

Nephelometric Turbidity Unit (NTU) - A unit of measure 
for turbidity in a water sample. 



Parts Per Million (ppm) - Equivalent to milligrams 
per litre. One part per million is comparable to one 
penny in $10,000. 

Parts Per Billion (ppb) - Equivalent to micrograms 
per litre. One part per billion is comparable to one 
penny in $1,000,000. 



Measured at Woodward Avenue Water Treatment Plant 


PARAMETER (Measuring Unit) 


Highest Level Allowod 
(MAC) 


Highest Level Detected 


Range Detected 


Description and Origin of Substance 


Barium (ppm) 


1 


0.025 


0.019-0.025 


A naturally occurring mineral found in most sotis. 


Fluoride (ppm) 


1.5 


1.38 


0.21-1.38 


Naturally occurring mineral; also added to drinking water to promote dental 
health 


Nitrate (ppm) 


10 


0.58 


0.00-0.58 


Presence due to runoff from fertilizer use; leaching from septic tanks, sewage; 
erosion of natural deposits. 


Trihalomethanes (ppb) 


100 


24.0 


10.9-24.0 


By-products of drinking wate r chlorination. 


Turbidity (NTU) 


1 


1.89 

(2 of 545 samples >1) 


0.02-1.89 


Turbidity is a measurement of the cloudiness of water. It may be caused by 
inorganic soil particles or fragments of organic matter than can interfere with 
treatment. i 


Measured in Distribution System at Customer's Tap 


Lead (ppb) 


10 


5 20 


0.13-5 20 


Lead occurs naturally in soils, but its presence in drinking water is almost 
entirely due to corrosion of private household plumbing systems, (last 
monitored In 1996-97 by the Drinkinq Water Surveillance Proqram) 


Trihalomethanes (ppb) 


100 


29.2 


11.2-29.2 


By-products of drinking water chlorination. 


Escherichia cob 
(number of positive samples) 


0 


1 

(1 of 2189 samples) 


no range 


Present in fecal matter and prevalent in sewage. It is a good indicator of recent 
fecal pollution. 


Total Coliform Bacteria 
(number of positive samples) 


2 consecutive positive 
samples not permitted 


1 

(1 of 21 90 samples) 


no range 


Naturally occurring micro-organisms that are one indication of treatment 
effectiveness. 


Measured in the Communal System (Wells) 


Nitrate (ppm) 


10 


7.36 


4.96-7.38 


Presence due to runoff from fertilizer use; leaching from septic tanks, sewage; 
erosion of natural deposits. 


Trihalomethanes (ppb) 


100 


30.3 


<0.8-30.3 


By-products of drinking water chlorination. 


Escherichia cob 
(number of positive samples) 


0 


4 

(4 of 720 samples) 


no range 


Present in fecal matter and prevalent in sewage. It is a good indicator of recent 
fecal pollution. 



HOW TO CONTACT US: City of Hamilton/Regional Municipality of Hamilton-Wentworth 

55 John Street North, 6th Floor 
Hamilton, Ontario L8R 3M8 

For inquiries regarding low water pressure, unusual taste or colour of water contact: 
Administrative Services, Water Distribution Section - 546-4426 



For inquiries regarding quality of water contact: 
Water Onalitv Sprrtinn - fi46-P14n 
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Recent Innovations in Tissue-Specific Gene 
Modifications in the Mouse 



Yasuhide Furuta and Richard R. Behringer* 

Annotating the functions of individual genes in in vivo contexts has 
become the primary task of mouse genetics in the postgenome era. In 
addition to conventional approaches using transgenic technologies and 
gene targeting, the recent development of conditional gene modification 
techniques has opened novel opportunities for elucidating gene function 
at the level of the whole mouse to individual tissues or cell types. Tissue- 
specific gene modifications in the mouse have been made possible using 
site-specific DNA recombinases and conditional alleles. Recent 
innovations in this basic technology have facilitated new types of 
experiments, revealing novel insights into mammalian embryology^ In 
this review, we focus on these recent innovations and new technical issues 
that impact the success of these conditional gene modification 
approaches.Birth Defects Research (Part C) 75:43-57, 2005. 
© 2005 Wiley-Uss, Inc. 



INTRODUCTION 

The last decade in forward genetics 
in the mouse has witnessed an- 
other major advancement, owing 
to the successful development of 
conditional modifications of the 
mouse genome that complement 
conventional transgenic mouse and 
knockout (KO) approaches^ Condi- 
tional gene modifications utilize 
site-specific recombinase technolo- 
gies based on phage-derived Cre- 
floxed (Cre-/oxP) or Flp-flrted (Flp- 
FRT) systems in the mouse genome 
(Branda and Dymecki, 2004). Most 
significantly, these techniques 
have been used extensively to inac- 
tivate gene function in tissue-spe- 
cific manners. Simply put, mice 
that express a recombinase in a tis- 
sue-specific manner are combined 
with mice carrying conditional al- 
leles to create conditional KO 



(CKO) mice. CKO approaches can 
overcome inherent problems 
found in conventional KO mouse 
models; i.e., if the gene of interest 
is essential for . survival of em- 
bryos or animals, studies of gene 
function in a desired cell type, tis- 
sue type, or developmental time 
point are often precluded. Thus, 
using the myriad of available con- 
ditional alleles (e.g., discussed in 
a special issue of Genesis, vol. 32, 
issue 2, 2002, "Conditional Alleles in 
Mice," http://www.wiley.com/legacy/ 
products/subject/life/anatomy/ 
genesis_jriice.html), CKO approaches 
have uncovered novel in vivo roles 
of genes in tissue-specific contexts 
in otherwise normal animals. More 
recently, tissue-specific gene mod- 
ification technologies have evolved 
further to disrupt gene function in 
specific tissues at specific times. In 



this review, we examine some of 
the most recent modifications and 
concerns of tissue-specific knock- 
out technologies in the mouse. 
These new aspects have begun to 
reveal new insights into tissue- 
specific gene function. 

RECOMBINASE REPORTER 
MICE 

Important genetic tools that are re- 
quired for recombinase-based tis- 
sue-specific gene modification sys- 
tems are reporter mouse strains 
that indicate the in vivo activities 
and consequences of recombi- 
nases. Important basic features in- 
corporated into recombinase re- 
porter transgenic mice are the 
following two components. First, 
the reporter transgene, before re- 
combinase-mediated recombina- 
tion, is silent due to the presence of 
a DNA sequence, a so-called 
"STOP" cassette, upstream of the 
reporter gene that blocks reporter 
expression. This STOP cassette, 
many times a selectable marker for 
drug selection containing multiple 
polyadenyiation (polyA) signals, is 
flanked by loxP or FRT sites. Sec- 
ond, the reporter transgene is de- 
signed to come under the control of 
a regulatory element that is ideally 
active in all cell types throughout 
embryonic and postnatal develop- 
ment. When such a reporter trans- 
gene allele is acted upon by the ap- 
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propriate recombinase, excision of 
the STOP cassette will occur, allow- 
ing expression of the reporter gene. 
Because the excision event activat- 
ing the reporter modifies genomic 
DIMA, the recombined allele is sta- 
bly inherited by progeny cells. Re- 
porter gene expression persists re- 
gardless of recombinase gene 
expression in the subsequent pro- 
liferation and differentiation of the 
cellular descendants. These fea- 
tures are also essential compo- 
nents that enable in vivo cell fate 
mapping in mice (Branda and Dy- 
mecki, 2004). 

Currently, there are many useful 
recombinase reporter mouse strains 
available that employ various types 
of reporter genes (Lobe et al., 1999; 
Mao et al., 1999, 2001; Soriano, 
1999; Kawamoto etaL, 2000; Novak 
et al., 2000; Awatramani et al., 
2001; Srinivas et al., 2001; Vinter- 
sten et al., 2004). The availability of 
several different reporter gene prod- 
ucts allows choices of unique advan- 
tage, depending on the needs of a 
particular experiment. Prototype re- 
combinase reporter alleles were de- 
veloped using lacZ or human placen- 
tal alkaline phosphatase ' (AP) 
reporters that allow visualization of 
recombined allele-carrying cells in 
situ using relatively easy histochem- 
ical methods on whole mount or sec- 
tioned material. More recently, new 
recombinase reporter alleles have 
been developed using green fluores- 
cent protein (GFP) and other fluores- 
cent protein color variants (e.g., yel- 
low, YFG; cyan, CFP; red, RFP) 
(Novak et al., 2000; Mao et al., 
2001; Srinivas et al., 2001; Vinter- 
sten et al., 2004). 

The Z/AP Cre reporter mouse 
strain developed by Lobe et al. 
(1999) added another feature for re- 
combinase reporter alleles. Prior to 
Cre-mediated recombination, the 
Z/AP allele expresses lacZ ubiqui- 
tously directed by a CAGG regulatory 
element (Niwa et al., 1991), but the 
AP reporter is silent. After Cre-medi- 
ated excision, the floxed lacZ gene is 
deleted and the AP reporter becomes 
expressed. A similar strategy was 
used to create the enhanced GFP (Z/ 
EG) Cre reporter mouse strain (No- 
vak et al., 2000). Z/AP and Z/EG 
were generated by random integra- 



tion of CAGG driven recombinase re- 
porters in embryonic stem (ES) cells. 
Thus, this strategy allows one to pre- 
select ES cell clones that express 
lacZ in a ubiquitous pattern, and 
therefore also the second reporter 
after Cre-mediated recombination, 
prior to generating mice. In addition, 
the dual reporter system allows one 
to document both loss of one re- 
porter and activation of the Cre-de- 
pendent reporter. A dual-recombi- 
nase-responsive reporter strain has 
also been generated (R26-FLAP), 
which allows visualization of cells 
that have undergone two recombi- 
nation events along their develop- 
mental history when combined with 
two different Cre- and Flp-express- 
ing alleles (Awatramani et al., 2003). 
Thus, reporter expression is only 
found in the overlap in the spatial 
and/or temporal pattern of expres- 
sion of the two different recombinase 
transgenes. 

The basic principles of these re- 
combinase reporter transgenic 
strains have also been used to con- 
ditionally overexpress or ectopically 
express other genes by replacing the 
second reporter gene with a cDNA of 
interest. The Z/AP strategy has also 
been employed to create Z/(your 
gene of interest) mice, preselecting 
for the potential of "your gene of in- 
terest" to be expressed in any cell 
type after Cre-mediated recombina- 
tion (Ding et al., 2002). This recom- 
binase-mediated transgene expres- 
sion system can be used to 
overcome problems of potential 
early lethality of founders using con- 
ventional transgenic approaches. 
Conceptually, dual-recombinase-re- 
sponsive transgenes can also be de- 
veloped that will allow the expres- 
sion of introduced genes in more 
defined cell types in which the pres- 
ence and activity of two different re- 
combinase transgenes intersect, 
permitting higher levels of precision 
to control transgene expression spa- 
tially and temporally. 

RECOMBINASE 
TRANSGENIC MICE: 
SCREENING FOR 
MISBEHAVIOR 

The most important key for tissue- 
specific conditional gene modifica- 



tion is cell-type specificity of the 
recombinase transgene. When de- 
sired tissue-specific regulatory ele- 
ments are defined and available, 
tissue-specific recombinase ex- 
pression can be achieved by con- 
ventional transgenesis by random 
integration of DNA constructs mi- 
croinjected into zygotes. In gen- 
eral, however, the expression of 
transgenes, in terms of specificity 
and levels of expression, can often 
be variable among different lines 
carrying the same transgene, de- 
pending on the structure of the 
transgene integration and chromo- 
somal location. Thus, among multi- 
ple transgenic lines that are initially 
generated, those that show the de- 
sired tissue-specificity of recombi- 
nase transgene expression need to 
be carefully prescreened prior to 
use. When a desired tissue-specific 
regulatory element is unknown, the 
recombinase transgene can be in- 
troduced into known gene loci that 
are expressed in the tissue of inter- 
est by gene targeting in ES cells 
(knockin; KI), such, that recombi- 
nase gene expression is regulated 
by the endogenous transcriptional 
control. One can expect in this type 
of strategy more consistent and 
predictable expression patterns of 
the recombinase transgene, and in- 
deed, a number of Cre KI alleles 
have been confirmed to closely re- 
capitulate endogenous gene ex- 
pression (Moses etal., 2001; Jamin 
et al., 2002; Motoike et al., 2003; 
Heinrich et al., 2004; Tian et al., 
2005). The expression levels of a 
recombinase transgene are likely to 
depend on the transcriptional activ- 
ity of the targeted locus. Thus, if a 
target locus is expressed only at 
modest levels, then recombinase 
activity may need to be examined 
carefully to evaluate whether satis- 
factory levels of recombination can 
be achieved. 

Although no systematic reports 
are available for unexpected ec- 
topic expression of recombinase 
transgenes, such uncontrolled re- 
combinase expression can nega- 
tively impact the efficiency of a de- 
sired gene modification. This is 
especially relevant when the gene 
for tissue-specific modification is 
essential for the development of a 



Birth Defects Reseatvh (Part C) 75:43-57, (2005) 



TISSUE-SPECIFIC GENE MODIFICATIONS IN THE MOUSE 45 



variety of tissues and animal viabil- 
ity, because widespread recombi- 
nase expression may cause gene 
modifications in multiple tissues 
and/or embryo death. Unexpected 
behavior of a recombinase trans- 
gene, can be observed even in re- 
combinase KI strains in which one 
would expect more consistent ex- 
pression. An example of this was 
reported by Hebert and McConneli 
(2000), where Cre was targeted 
into the Foxgl (Bfl) locus, initially 
identified as a gene specifically ex- 
pressed in the developing telen- 
cephalon (Tao and Lai, 1992). Ex- 
amination of recombinase reporter 
expression revealed that Cre was 
active in the early developing telen- 
cephalon as expected, and in sev- 
eral other tissues where Foxgl is 
known to be expressed. However, 
.they also found unexpected, wide- 
spread expression of Cre activity in 
a substantial number of embryos in 
Cre reporter assays! They found 
that genetic background influenced 
the frequency of this ectopic ex- 
pression. In addition, ectopic ex- 
pression was more often observed 
in FoxglCre; Z/AP mice than in 
FoxglCre; R26R mice, suggesting 
different susceptibility to recombi- 
nation, depending upon the target 
reporter locus. The authors sug- 
gested the need for careful exami- 
nation of in vivo recombinase activ- 
ity specific to individual conditional 
mutant loci and genetic back- 
grounds. 

In our own study, we generated 
multiple lines of transgenic mice 
expressing Cre under the control of 
Six3 sequences in a retina- and 
ventral forebrain-specific manner 
(Furuta et aL, 2000). We noted 
that, in addition to variability in tis- 
sue-specific Cre activity between 
transgenic lines, variable leaky Cre 
expression was detected in individ- 
uals within transgenic lines, sug- 
gesting that an unknown factor 
other than transgene integration 
site was affecting Cre expression. 
In the course of generating Bmprla 
conditional mutant animals, this in- 
consistent behavior of the Six3-Cre 
transgene significantly reduced the 
frequency of obtaining the desired 
tissue-specific conditional mutant 
animals (Fig. 1A). This is likely that 



the widespread expression of the 
Six3-Cre transgene was recombin- 
ing the Bmprla flox allele, causing 
lethality because Bmprla -/- mice 
die around gastrulation (Mishina et 
al., 1995). Although we did not ex- 
tensively explore potential genetic 
background effects, we noticed that 
the behavior of the Six3-Cre trans- 
gene was also variable depending 
upon which mating pairs were em- 
ployed. We then tested whether 
overall efficiency of obtaining con- 
ditional mutants could be improved 
by identifying Six3~Cre transgenic 
animals that gave more consistent 
Cre expression. The typical mating 
scheme that we used in our study is 
illustrated in Figure 1. We preferen- 
tially - used Six3-Cre transgenic 
males heterozygous for a Bmprla 
null allele, which were crossed 
with females homozygous for the 
floxed Bmprla conditional allele 
(Mishina et al., 2002) (Fig. 1A). Be- 
fore setting up these crosses, we 
screened Bmprla null/+; Six3-Cre 



Although we have no 

mechanistic 
explanation for such 
peculiar behavior of 
the Cre transgene, 

preselecting 
appropriate stud 
males greatly 
improved the 
efficiency of our 
mating scheme. 



stud male mice for consistent tis- 
sue-specific Cre activity in the 
progeny from crosses with R26R re- 
porter mice (Fig. IB). The results 
indicated that some of the Bmprla 
null/+; Six3-Cre males yielded the 
desired tissue-specific Cre expres- 
sion in most of their embryos (Fig. 
IB), but other males showed a high 
frequency of leaky Cre expression 
(Fig. IB'). At least two litters of em- 
bryos were tested for each Bmprla 
null/+; Six3-Cre stud male. The 



overall efficiency of generating the 
desired tissue-specific CKO mice 
followed predictions from the above 
test crosses with R26R mice. We 
obtained the desired tissue-specific 
conditional mutants at a frequency 
expected from our crosses, 
whereas for those males that con- 
ferred leaky Cre expression, the 
frequency of the desired tissue- 
specific CKO animals was greatly 
reduced. Although we have no 
mechanistic explanation for such 
peculiar behavior of the Cre trans- 
gene, preselecting appropriate stud 
males greatly improved the effi- 
ciency of our mating scheme. 
Preselection of mice consistently 
expressing tissue-specific Cre 
' transgenes is even more critical 
when the conditional mutant geno- 
type must be combined with 
(an)other mutant allele(s) (Muraii 
et al., 2005). 

TROJAN HORSE: LOXP 
SITES IN BAC VECTORS 

As mentioned above, transgenic 
mice that express Cre in a tissue- 
specific manner can be generated 
using a variety of different meth- 
ods. One approach to generate tis- 
sue-specific Cre transgenic mice is 
to modify a bacterial artificial chro- 
mosome (BAC) clone containing 
the gene of interest by recombino- 
genic engineering ("recombineer- 
ing") in bacteria, introducing Cre 
into the gene within the clone 
(Copeland et al., 2001). This 
method is used when little or noth- 
ing is known about the location 
of tissue-specific regulatory se- 
quences. The assumption is that 
BACs are large and may contain 
most, if not all, of the regulatory 
elements necessary to direct tis- 
sue-specific expression. This is not 
true for all genes, but is a reason- 
able alternative approach to a Cre 
KI of the gene of interest by target- 
ing in ES cells. These Cre BAC con- 
structs can then be microinjected 
into zygotes to generate transgenic 
mouse lines and characterized us- 
ing Cre reporter mice. 

One concern that has arisen is 
that many of the mouse BAC librar- 
ies have been generated using vec- 
tors that contain loxP sites (Fig. 
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2A). For example, the mouse BAC 
libraries RPCI - 23 (C57BL/6J) and 
RPCI - 22 (129/SvEv) are derived 
from pBACe3.6, which contains a 
wild-type loxP and a mutant 
loxPSll site (Frengen et aL, 2000) 
(BACPAC Resources Center [BPRC], 
Children's Hospital Oakland Re- 
search Institute [CHORI], Oakland, 
Ca I ifo m ia ; http : //ba cpa c. cho ri . org ) . 
These loxP sites are features that al- 
low Cre-mediated modifications of 
the clones. The presence of these 
BAC vector loxP sites can cause po- 
tential problems when using Cre BAC 
transgenes for tissue-specific gene 
modifications. 

Foreign DNA fragments that are 
microinjected into mouse zygotes 
typically integrate as head to tail 
tandem arrays (Palmiter and Brin- 
ster, 1986), Therefore, multicopy 
integration of /oxP-containing BACs 
into the mouse genome essentially 
results in the BACs becoming floxed 



at the site of chromosomal integra- 
tion (Fig. 2B). One study showed 
that transgenes with /oxP.sites can 
lead to chromosome damage and 
loss, creating aneuploidy after ex- 
posure to Cre (Lewandoski and 
Martin, 1997). These authors sug- 
gested that if some of the copies of 
the foreign DNA in the tandem ar- 
ray integrate in opposite orienta- 
tion, then chromosomal damage 
can occur. However, if the DNA 
fragments integrate with all loxP 
sites in the same orientation, then 
Cre can act to delete all DNA be- 
tween the loxP sites without chro- 
mosomal damage. 

The presence of loxP sites in Cre 
BAC transgenes can also cause 
problems, because Cre expression 
from the BAC will act on the floxed 
BAC transgene tandem array to de- 
lete itself, leading to a subsequent 
loss of Cre expression (Fig. 2B). In 
a tissue-specific knockout experi- 



Figure 1. Prescreening males for con- 
sistent tissue-specific Cre expression. 
Shown is an example to generate retina- 
specific Bmprla conditional mutant 
mice, using the Six3-Cre transgenic 
mouse line (Furuta et ai., 2000). A: 
Males heterozygous for a Bmprla null 
allele (Mishina et a!., 2002) and the 
Stx3-Cre transgene were crossed with 
Bmprla flox/flox femaies to obtain con- 
ditional mutants {Bmprl a-/flox\ Six3- 
Cre/4 ). During the initial phase of ex- 
periments, there was a significantly 
reduced efficiency for obtaining the de- 
sired CKO embryos from this mating 
scheme. As the Six3-Cre transgene was 
noted to be expressed ectopically in a 
certain population of embryos (Furuta et 
al., 2000), death of CKO mutants due to 
widespread Bmprla mutation induction 
was suspected. B: Further examination 
of Cre expression profiles indicated that 
consistency in tissue-specific expression 
of the Cre transgene was dependent on 
the stud males (B', B"), prompting the 
establishment of routine prescreening 
crosses of stud males with the Rosa26 
reporter (R26R) line. Multiple litters or 
embryos were examined for each stud 
male. Such a prescreening mating 
scheme dramatically improved the over- 
all efficiency of obtaining the desired 
CKO mutants. 

ment, one can imagine full recom- 
bination or mosaicism of the target 
floxed allele of interest, depending 
upon the timing of Cre BAC trans- 
gene expression and the subse- 
quent deletion of the BAC tandem 
array. In addition, depending upon 
the structure of the integration of 
the BAC transgene, chromosome 
damage and aneuploidy is possible 
(Fig. 2C). Therefore, it is important 
to determine if the BAC clone you 
want to recombineer with Cre has a 
loxP site in its backbone. If it does, 
then you will need to disrupt the 
loxP site by an additional round of 
recombineering before generating 
transgenic mice. Since the number 
of mouse BAC libraries that are 
commonly used is still relatively 
small, it may be possible to develop 
universal targeting vectors to dis- 
rupt loxP sites in BAC clones from 
these libraries. 
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Figure 2. Consequences of /oxP sites in BAC vectors for Cre BAC transgenes. A: Typical 
BAC clone in which Cre has been Introduced into a specific locus by homologous recom- 
bination in bacteria. This assumes thatthere is a tissue-specific transcriptional enhancer 
(Enh) iocated on the BAC clone. Many BAC vector backbones (thick line) have IoxP and 
ioxPSll sites and rare cutting restriction sites (Pl-Scel) to linearize the BAC clones. B,C: 
Idealized multicopy integration of the Cre BAC into a chromosomal locus. B: In this example, 
each BAC is oriented in a head-to-tail tandem array that essentially creates a floxed trans- 
gene insert. Cre expression from the transgene would then act upon the tandem array, 
resulting in excision. C: In this example, one of the BACs has integrated in reverse orienta- 
tion to the other BACs. Cre expression from the transgene would then act upon the BAC array 
resulting in chromosomal damage and loss. Triangles, IoxP sites and their orientation. 



TIMING CRE ACTIVITY 

In conventional recombinase-ex- 
pressing transgenic mouse lines, 
temporal regulation of recombinase 
expression is entirely dependent on 
the activity of corresponding regu- 
latory elements. The recent devel- 
opment of inducible recombinase 
transgenic systems has added an- 
other level of control of recombi- 
nase expression, thereby achieving 
conditional gene modifications with 
more precise temporal restrictions. 
The means to control recombinase 
activity in vivo under desired tem- 
poral regulation is by administra- 
tion of inducible agents. The first of 
such systems was developed using 
a transcriptional regulatory se- 



quence of the myxovirus resistance 
1 (Mxl ) gene that was coupled with 
Cre (Kuhn et al., 1995). The Mxl 
gene, normally involved in defense 
to viral infection, is silent in healthy 
mice, but can be induced to high 
levels in response to pathogenic 
stimuli such as viral infection. The 
Mxl regulatory element can be ar- 
tificially induced in a number of tis- 
sues, including the liver and spleen, 
by administration of interferon. 
While a number of CKO studies 
have been successfully performed 
using this inducible Cre system 
(Hayashi et al., 2004; Le et al., 
2004; Schneider etal., 2004; Wells 
et al., 2004), variable levels of 
transgene induction by .interferon 



administration, limited spectrum of 
responsive cell types, and influence 
of interferon on endogenous signal- 
ing pathways represent potential 
limitations for the use of this system. 



Therefore, it is 
important to 
determine if the BAC 

clone you want to 
recombineer with Cre 
has a IoxP site in its 
backbone. If it does, 
then you will need to 
disrupt the IoxP site 
by an additional 

round of 
recombineering 
before generating 
transgenic mice. 



More recently, use of mouse lines 
expressing ligand-regulated forms 
of recombinases has allowed a 
more consistent temporal control of 
recdmbinase-mediated gene modi- 
fication in embryos, as well as in 
adult tissues. In particular, various 
mouse lines expressing versions of 
Cre and Flp recombinases fused to 
mutant forms of the estrogen re- 
ceptor (ER) ligand binding domain 
(LBD) have been generated and 
used to activate or inactivate gene 
function in vivo (FlpER [Logie and 
Stewart, 1995]/CreER [Metzger et 
al., 1995; Fell etal., 1996; Brocard 
et al., 1997; Schwenk et al., 
1998]). These ER-fused forms of 
recombinases are insensitive to en- 
dogenous ^-estradiol, but respon- 
sive to the synthetic antagonist 
4-hydroxy (40H)-tamoxifen (TAM), 
allowing tight control of recombinase 
activity through ligand-mediated 
translocation of recombinase pro- 
teins from the cytoplasm to the nu- 
cleus where they act upon the target 
DNA sequence. Such ligarid-medi- 
ated activation of recombinases has 
been applied in two ways. First, 
transgenic mouse lines have been 
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generated that exhibit broad expres- 
sion of CreER fusions for temporal 
control of recombinase activity in 
most tissues (Guo et al., 2002; Ha- 
yashi and McMahon, 2002; Seibleret 
al., 2003). These types of mice have 
been used to establish optimal doses 
of TAM administration and to charac- 
terize the frequency of induced re- 
combination in a variety of tissues. 
These broadly expressed recombi- 
nase-ER mice will be useful to modify 
conditional gene loci at different de- 
velopmental time points, to induce 
spatially and temporally regulated 
gene modifications in certain tissues 
by local administration of inducers, 
and to modify cells and tissues in 
vitro (Hayashi and McMahon, 2002). 

A second approach is to express 
recombinase-ER-fusions in tissue- 
specific manners using tissue-spe- 
cific regulatory elements (Danielian 
et al., 1998; Schwenk et al., 1998; 
Indra et al., 1999; Vasioukhin et 
al., 1999; Eckardt et al., 2004; Xu 
et al., 2004). This type of system 
permits both temporal and spatial 
control of recombinase activity. Tis- 
sue-specific ligand-inducible Cre 
systems have been successfully 
used to inactivate the function of a 
number of genes especially in post- 
natal tissues, including the skin 
(McLean et al., 2004), adipocytes 
(Imai et al., 2004), and heart (van 
Rijen et al., 2004). In developing 
embryos, these systems have been 
particularly useful to define cell lin- 
eage relationships (see below). 

As inducible recombinase activity 
in these systems is an important 
factor to affect the outcome of cer- 
tain experimental settings, effi- 
ciency of ligand-mediated recombi- 
nation in vivo has to be carefully 
monitored. Currently, three differ- 
ent derivatives of CreER fusion pro- 
teins have been widely used in the 
mouse: 1) mouse ERTM (G525R) 
(Danielian et al., 1998; Guo et al., 
2002; Hayashi and McMahon, 
2002; Zirlingeretal., 2002); 2) hu- 
man ERT (G521R) (Logie and Stew- 
art, 1995; MetzgeretaL, 1995; Feil 
et al., 1996; Brocard et al., 1997; 
Schwenk et al., 1998; Li et al., 
2000; Vooijs et al., 2001); and 3) 
human ERT2 (G400V/M543A/ 
L544A) (Feil et al., 1996; Indra et 
al., 1999; Kimmel et al., 2000; Imai 



et al., 2001; Seibler et al., 2003). 
Assays comparing the activity of 
CreERT with CreERT2 indicate that 
CreERT2 is -10-fold more sensitive 
than CreERT (Indra et al., 1999). A 
FlpeERT2 system has recently been 
developed that shows comparable 
activity to that observed with Cre- 
ERs in vitro and in vivo (Hunter et 
al., 2005). In studies to monitor Cre 
activity using a transgenic line 
ubiquitously expressing CreERTM, 
recombination was detectable in 
many cell types within 24 hr post- 
TAM injection, peaking by 48 hr in 
embryos (Hayashi and McMahon, 
2002). With a single administration 
of TAM into pregnant females at 8.5 
days postcoitus (8,5 dpc), near 
complete recombination of the 
R26R reporter locus in many tis- 
sues was achieved in the develop- 
ing embryos at doses of 3-9 mg/40 
gm pregnant female body weight. 
Higher doses within this range, 
however, were found to affect sur- 
vival of fetuses at term, presum- 
ably due to perturbation of mater- 
nal-fetal interactions (Sadek and 
Bell, 1996). However, administra- 
tion at later stages (e.g., 13.5 dpc 
or thereafter) did not appear to af- 
fect fetal survival. In the adults, 
similar doses did not overtly affect 
animal physiology, but near-com- 
plete recombination of the R26R al- 
lele was achieved in many tissues 
after administration of the inducer 
for five consecutive days. In this 
study, these levels of efficient re- 
combination were achieved using 
TAM, which is metabolized by the 
liver to. the active inducer 4-OH- 
TAM. TAM is more soluble in solu- 
tion, and is much less costly than 
4-OH-TAM. Recent preliminary 
studies have indicated that appar- 
ently comparable levels of Cre-me- 
diated recombination can be in- 
duced by 4-OH-TAM and TAM in 
mouse embryos (Dr. Randy John- 
son, personal communication). 

Other means for temporal control 
of Cre activity have also been de- 
veloped. The fusion of a mutant 
progesterone receptor (PR) LBD 
linked to the C-terminus of Cre, 
termed CrePR, has been found to 
be largely insensitive to endoge- 
nous progesterone, but responsive 



to the synthetic steroid RU486 
(Kellendonk et al., 1996). The pro- 
totype CrePRl has been shown ef- 
fective in vivo, in adult epidermis to 
model human skin disorders (Arin 
et al., 2001; Cao et al., 2001), and 
has also been suggested to be ef- 
fective in utero (Zhou et al., 2002). 
CrePRl has, however, been found 
to be somewhat leaky, with detect- 
able recombinase activity in the ab- 
sence of inducer. An improved ver- 
sion of CrePR, termed Cre*PR, has 
been shown to have lower back- 
ground activity and better sensitiv- 
ity to RU486 (Wunderlich et al., 
2001). The development of ER and 
PR versions of recombinases pro- 
vides the opportunity for the tem- 
poral induction of multiple genetic 
modifications; e.g., use of Cre-PR 
and FlpER controlled by RU486 and 
TAM, respectively, will allow simulta- 
neous or sequential gene activation/ 
inactivation in the same animal. 



RECOMBINASE-BASED 
FATE MAPPING IN MICE 

Knowledge of the relationships be- 
tween progenitor or stem cells and 
their cellular progeny provides a 
foundation for understanding how 
tissues and organs are formed. 
These cell lineage relationships can 
be determined by fate mapping. 
Classically, embryonic cells were 
labeled with vital dyes and the 
marked cells followed through de- 
velopment to create fate maps. 
This approach has limited use in the 
mouse because development of the 
embryo occurs within the uterus, 
hindering access to the embryo for 
experimental manipulation. DNA 
recombinases, notably Cre, are 
currently being used in the mouse 
to map the fates of embryonic cells. 
These fate-mapping studies have 
been enabled by the development 
of the various Cre reporter mouse 
strains mentioned above. Basically, 
mice that bear Cre transgenes or 
knockins are examined for Cre ex- 
pression by crosses with Cre re- 
porter mice. Cre expression is mea- 
sured by reporter expression at 
some later stage of development 
(Fig. 3A and B). 
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Figure 3. Recombinase-based fate mapping in the mouse. A: Diagram showing progenitor celis and their lineage relationships with the 
cellular progeny to form differentiated tissues A-C. B: In this situation, Cre expression from a transgene occurs only in the progenitor 
cells that give rise to the cells of tissue A. Thus, incorporation of a Cre reporter would result in reporter expression in the shaded cells, 
i.e., A progenitors and A cell types, This could be used to create a fate map. C: In this situation, Cre expression from a transgene occurs 
in progenitor ceiis that give rise to tissue A. In addition, the Cre transgene is active in A ceil types. Thus, incorporation of a Cre reporter 
would result in reporter expression in A progenitors and A ceil types. A fate map cannot be determined. D: In this situation, Cre 
expression from a transgene occurs in progenitor cells that give rise to tissue A. In addition, the Cre transgene is active in C cell types. 
Thus, incorporation of a Cre reporter would result in reporter expression in A progenitors, A and C cell types, a collation of fate maps. 
E: In this situation, CreER substitutes for Cre in (D). CreER transgene expression occurs in progenitor cells that give rise to tissue A and 
also C cell types. Administration of TAM (shaded box) only activates CreER in A progenitors. Incorporation of a Cre reporter would result 
in reporter expression only in A cell types. F: This is the same situation as in (E) but TAM (shaded box) is administered later, activating 
CreER only in C ceil types. Thus, a Cre reporter would only mark C ceil types. 



These recombinase-based fate- 
mapping strategies have become 
very popular (Zinyk et al., 1998; 
Chai, 2000; Epstein et al., 2000; 
Zirlinger et al., 2002; Awatramani 
et al., 2003; Motoike et al., 2003; 
Zhang et al., 2003). However, their 
utility depends upon a set of funda- 
mental principles. First, the entire 
pattern of Cre expression from the 
transgene or KI must be known in 
the relevant tissues throughout de- 
velopment at the level of Cre RNA 
or protein. This requires either Cre 
in situ hybridization or immunohis- 
tochemistry to define the temporal 



and spatial pattern of expression. 
This has been simplified somewhat 
by the creation of a GFP-Cre fusion 
protein, allowing one to follow Cre 
protein by GFP fluorescence (Hein- 
rich et al., 2004). Second, the tem- 
poral and spatial pattern of Cre re- 
porter expression (e.g., lacZ in the 
case of R26R) must be determined. 
Comparisons of Cre RNA or protein 
expression with Cre reporter ex- 
pression then allows one to make 
conclusions about cell lineage rela- 
tionships. Another aspect of this 
system is that examination of Cre 
reporter expression at one time 



point is actually a collation of cellu- 
lar progeny generated from all of 
the progenitor cells that have ex- 
pressed Cre and activated the re- 
porter. These progenitor cells may 
be within the same lineage but at 
different developmental stages or 
different cell lineages (Fig. 3C). 
Thus, examining only one terminal 
stage of development may provide 
a misleading fate map. 

To get around the shortcoming of 
using a constitutively active recom- 
binase, fate mapping strategies 
have recently been modified to in- 
corporate drug-inducible recombi- 
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Figure 4. Manipulating Mendelian ratios using germ cell-specific Cre transgenes. A: 
Typical cross to yield 25% CKO mutants, using a Cre transgene and null and flox alleles. 
B; Conceptual cross, using germ cell-specific Cre transgenes with a floxed allele to 
generate only recombined (A) allele-carrying gametes. In theory, only A/A mice are 
generated from this cross. C: Cross used to generate Sox9 A/A mice (Chaboissier et ai., 
2004). The particular Prml -Cre transgenic mouse line is not 100% efficient for recom- 
bining the Sox9 flox aiiele. Thus, most of the progeny are Sox9 A/A, but Sox9 A/ f 
controls are also generated, 



nases (Danielian et al., 1998; Guo 
et al., 2003; Sgaier et al., 2005). 
The most popular drug-inducible 
recombinases are CreER and 
CrePR, that are Induced by TAM and 
RU486, respectively (see above) 
(Nagy, 2000). In addition, a tamox- 
ifen-inducible Flp recombinase has 
recently been reported (Hunter et 
al., 2005). In this type of strategy, 
the time and extent of exposure to 
the inducing drug results in activa- 
tion of the recombinase only in 
those cells expressing Cre protein 
during the time of exposure (Fig. 
3D and E). By varying the timing of 
the drug induction, one can create 
temporal fate maps, providing 
more precise information about the 
relationships of progenitors and 
their cellular progeny. 



MANIPULATING 
MENDELIAN RATIOS 
USING GERM CELL- 
SPECIFIC RECOMBINATION 
OF CONDITIONAL ALLELES 

One of the difficulties for studying a 
recessive embryonic lethal pheno- 
type in mice is that only one-quar- 
ter of the progeny from heterozy- 
gous intercrosses will be homo- 
zygous mutant. The same 25% fre- 
quency is obtained from crosses 
when performing a routine tissue- 
specific knockout (Fig. 4A). In addi- 
tion to this relatively low frequency, 
each embryo usually needs to be 
genotyped for analysis, hindering 
studies requiring large numbers of 
mutant embryos (e.g., microarray 



or biochemical studies). Of course, 
one could just use brute force and 
generate a lot of crosses and geno- 
type embryos prior to combining 
them for analysis. However, a ge- 
netic system has been devised to 
alter the frequencies of genotypes 
for progeny generated from mat- 
ings of mice with conditional alleles 
(Fig. 4B). This system creates the 
illusion that Mendel's laws are being 
broken, but in reality they are still 
intact. One use of this system is to 
increase the frequency of a partic- 
ular genotype obtained from 
crosses. This system has also been 
exploited to bypass an unusual het- 
erozygous lethality (Bi et al., 2001; 
Akiyama et al., 2002; Chaboissier 
et al., 2004). 

The system utilizes transgenic 
mouse lines that express Cre re- 
combinase in germ cells, i.e., oo- 
cytes and spermatogenic cells. 
Zona pellucida glycoprotein 3 (ZpJ) 
is expressed in growing oocytes 
(Epifano et al., 1995). In one study, 
a 6.5-kb fragment of the Zp3 pro- 
moter region directed Cre recombi- 
nase to oocytes of female trans- 
genic mice (Lewandoski et al.; 
1997). In a subsequent study, a 
6.0-kb fragment from the Zp3 pro- 
moter region was also able to direct 
Cre recombinase expression only in 
oocytes of female transgenic mice 
(de Vries et al., 2000). Protamine 1 
(Prml) is expressed in haploid 
round spermatids (Hecht et ah, 
1986). A 652-bp fragment from the 
Prml promoter region directed Cre 
recombinase expression only in 
spermatids of male transgenic mice 
(Peschon et aL, 1987; O'Gorman et 
al., 1997). These Prml-Cre trans- 
genic males were otherwise normal 
and fertile. However, in another 
Prml -Cre transgenic mouse strain 
that used a 4.2-kb promoter re- 
gion, males derived from female 
founders were sterile (Schmidt et 
al., 2000). Apparently, Cre-medi- 
ated chromosomal rearrangements 
utilizing "pseudo-/oxP" sites caused 
embryo loss. It was suggested that 
these Cre-mediated rearrange- 
ments were caused by higher levels 
or timing of Cre expression. To- 
gether, these oocyte- and sperma- 
tid-specific Cre recombinase lines 
are combined with flox alleles in 
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various breeding schemes, de- 
pending upon the particular situa- 
tion, to produce oocytes and sperm 
carrying recombined (i.e., knock- 
out) alleles of the gene of interest 
(Fig. 4B). 

This system was used recently to 
bypass a neonatal haplolethality 
caused by a null mutation in Sox9 
(Akiyama et al., 2002; Chaboissier 
et a!., 2004). Humans that are het- 
erozygous for SOX9 mutations de- 
velop a severe chondrodysplasia 
called camptomelic dysplasia (Fos- 
ter et al., 1994; Wagner et al., 
1994). Mice heterozygous for a tar- 
geted null allele of 5ox9 also de- 
velop a similar skeletal syndrome 
that causes lethality soon after 
birth (Bi et al., 2001; Akiyama et 
al., 2002; Kist et al., 2002). An- 
other haplolethality has been ob- 
served when mice are heterozy- 
gous for a targeted Vegfa mutation 
(Carmeliet et al., 1996; Ferrara et 
al., 1996). Vegfa heterozygous mu- 
tant mice die between 9.5 and 10.5 
dpc because of abnormal blood ves- 
sel development. As one can imag- 
ine, these heterozygous lethal phe- 
notypes make it very difficult to 
generate homozygous mutants. 

To generate Sox9 homozygous 
mutants, the germ cell-specific re- 
combination system of conditional 
alleles mentioned above was used 
(Akiyama et al., 2002; Chaboissier 
et al., 2004). Sox9 fiox/flox; Zpe- 
Cre tg/+ females were created as 
were Sox9 flox/ flox; Prml-Cre tg/+ 
males that were viable, normal, 
and fertile (Fig. 4C). As germ cells 
formed in these mice, Cre recombi- 
nase was expressed and acted on 
the flox allele to convert it to the 
recombined allele. The result was 
the generation of Sox9 homozy- 
gous mutants. These mutants died 
at 11.5 dpc with neural tube and 
cardiovascular defects. Interest- 
ingly, the system was not com- 
pletely efficient; only about 75% of 
the resulting embryos were Sox9 
A/ A, the others were Sox9 flox/A. 
This is because the particular Prml - 
Cre line Is not completely efficient 
in converting the Sox9 flox allele 
to-. 

These 11.5 dpc Sox9 A/A em- 
bryos provided an opportunity to 
study the role of Sox9 in testis dif- 



ferentiation that occurs in the 
mouse at 12.5 dpc (Chaboissier et 
al., 2004). If wild-type 11.5 dpc XY 
urogenital ridges are explanted in 
vitro for organ culture for two days, 
they will differentiate into testes. 
Therefore, the urogenital ridges 
from the above crosses were ex- 
planted in vitro for organ culture for 
two days. The XY Sox9 A/A gonads 
did not form testes, but rather they 
expressed markers of ovarian dif- 
ferentiation, suggesting that Sox9 
is essential for testis formation. 
These studies highlight the unique 
utility of the germ cell-specific re- 
combination of conditional alleles 
system. The use of this system to 
generate mutant embryos at high 
frequency for molecular or bio- 
chemical studies has yet to be re- 
ported. 



CONDITIONAL COMPOUND 
MUTANTS: TISSUE- 
SPECIFIC GENETIC 
REDUNDANCY AND 
BEYOND 

While CKO of a number of genes 
has led to informative phenotypes, 
recent studies have also begun to 
uncover remarkable degrees of re- 
dundancies between related genes 
in some tissue-specific contexts. 
Recently, an increasing number of 
studies have combined multiple 
mutant genetic backgrounds in- 
volving CKO mutant alleles, which 
have proved to be very powerful, 
not only to elucidate genetic redun- 
dancy, but also to uncover novel in- 
sights into the roles of various ge- 
netic pathways. One of the first 
series of studies involving CKO of 
multiple gene loci are those demon- 
strating requirements for fibroblast 
growth factor (FGF) signaling in 
limb development. Members of the 
FGF family of secreted proteins 
have been implicated as signals re- 
quired for limb development de- 
rived from the apical ectodermal 
ridge (AER), an important signaling 
center for limb outgrowth and pat- 
terning (Niswander et al., 1993; 
Fallon, 1994). In particular, both 
Fgf4 and Fgf8 were proposed to 
mediate critical functions of the 
AER based on their specific expres- 



sion in this tissue. Genetic analysis 
of Fgf4 and FgfS function in the 
limb, however, required a tissue- 
specific inactivation approach be- 
cause nullizygosity for either gene 
alone caused early embryonic le- 
thality (Feldman et al., 1995; Sun 
et al., 1999). Conditional loss of 
Fgf4 function in the AER had no ef- 
fect on limb development (Moon et 
al., 2000; Sun et al., 2000), 
whereas inactivation of FgfB re- 
sulted in hypoplasia of all three limb 
segments (Lewandoski et al., 
2000; Moon and Capecchi, 2000). 
Inactivating both Fgf4 and FgfB in 
the AER produced more severe 
phenotypes than inactivating FgfS 
alone in the AER / genetically dem- 
onstrating redundant roles for 
these Fgf genes (Sun et al., 2002; 
Boulet et al., 2004). While these 
studies confirmed an absolute 
requirement for Fgf4 and Fgf8 
for limb outgrowth, the phenotypes 
of the Fgf4;Fgf8 AER- conditional, 
conditional double KO (AER- 
CCDKO) were not equivalent to that 
induced by AER removal. Surgical 
removal of the AER results in exten- 
sive cell death of distal limb mesen- 
chyme (Sun et al., 2002), whereas 
simultaneous loss of Fgf4 and FgfS 
in the AER appeared to affect cell 
survival of the more proximal mes- 
enchyme. The observed pheno- 
types of the Fgf4;Fgf8 AER-CCDKO 
mutants appear to be compatible 
with the notion that a principal 
function of FGF signaling from the 
AER is to ensure that enough pro- 
genitor cells are available to form 
each element of the limb skeleton, 
by promoting cell survival proxi- 
mally. These genetic studies sub- 
stantiated a novel model for AER 
function in limb outgrowth, leading 
to a reassessment of the classical 
progress zone model that had 
served as a paradigm of the field for 
over 30 years (Wolpert, 2002). It 
should be noted- that AER expres- 
sion of two additional FGF mem- 
bers, Fgf9 and Fgfl7 (Xu et al., 
2000; Coivin et al., 2001) appeared 
relatively normal in the absence of 
Fgf4 and Fgf8 (Sun et al., 2002). 
This indicates that Fgf9 and/or 
Fgfl7 expression is independent of 
Fgf4 and FgfS during limb develop- 
ment. Elucidation of the potential 
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roles of these other AER FGFs 
awaits future genetic studies. 

Bone morphogenetic proteins 
(BMPs) of the TGF-0 superfamily 
are another class of secreted sig- 
naling molecules known to play piv- 
otal roles during embryogenesis 
(Zhao, 2003). These extracellular 
ligands signal through their specific 
cell surface transmembrane serine- 
threonine kinase receptor com- 
plexes comprised of type : I and 
type-II receptors. The type-I re- 
ceptors primarily dictate the biolog- 
ical output; as they are responsible 
for activating intracellular signaling 
mediated by the Smad family of 
proteins. Among seven TGF-0 
type-I receptors known in higher 
vertebrates, three receptors, Acvrl 
(also known as Alk2), Bmprla 
(Alk3), and Bmprlb (Alk6), can ac- 
tivate Smads dedicated for BMP- 
mediated signaling, as opposed to 
canonical TGF-/3 and activin signal- 
ing (Mishina, 2003). While these 
BMP receptors are thought to share 
common intracellular signaling com- 
ponents, it is not entirely clear how 
the relatively limited number of BMP 
receptors control a diverse array of 
biological effects in vivo. Several re- 
cent studies suggested that Bmprla 
and Bmprlb play distinct roles in 
vivo. For example, expression of 
constitutively active forms of these 
receptors both in transgenic mice 
and in neural stem cells suggested 
that Bmprla regulates proliferation 
in the developing central nervous 
system (CNS), whereas Bmprlb 
controls apoptosis and terminal dif- 
ferentiation (Panchision et al., 
2001). 

Conventional KO studies in the 
mouse, on the other hand, have 
provided only limited genetic evi- 
dence to establish the role of BMPs 
in neural tube development, due to 
early lethality in some of BMP sig- 
naling mutants and potential re- 
dundancy between related signal- 
ing components. For example, 
homozygous null mutants for either 
Acvrl or Bmprla are lethal around 
gastrulation (Mishina et al., 1.995, 
1999; Gu et al., 1999), whereas 
Bmprlb homozygous mutants are 
viable without overt abnormalities 
in the CNS (Baur et al., 2000; Yi et 
al., 2000). Recently, by combining 



a neural tube-specific Bmprla CKO 
and Bmprlb null mutant genetic 
backgrounds (conditional, null dou- 
ble knockout, CNDKO), studies 
have demonstrated that these BMP 
receptors act largely redundantly in 
CNS development (Wine-Lee et al., 

2004) . BMPs have been proposed 
to mediate signals forthe establish- 
ment of regional identities of neural 
progenitors in the dorsal spinal cord 
(Liem et al., 1997). While elimina- 
tion of Bmprla function alone or 
Bmprlb nullizygosity did not lead to 
noticeable changes in dorsal spinal 
cord patterning, combining these 
mutant genetic backgrounds to 
eliminate the function of both of 
these receptors resulted in loss of 
the two dorsal-most populations of 
sensory interneurons, DI1 and DI2. 
While the genesis of more ventral- 
ly-derived DI3 and DI4 was unaf- 
fected, an expansion of these cell 
types at the expense of the loss of 
DI1 and DI2 was observed in the 
Bmprla I Bmprlb neural CNDKO 
mutants. Other dorsal and ventral 
populations were unchanged, iden- 
tifying the cell types that absolutely 
require BMP signaling for specifica- 
tion mediated by these two recep- 
tors (Wine-Lee et al., 2004). 

If related growth factor receptor 
family members, such as Bmprla 
and Bmprlb, indeed function re- 
dundantly, how can the qualita- 
tively limited nature of the signaling 
pathways mediated by redundant 
receptors confer certain levels of 
complexity to govern multiple bio- 
logical effects in vivo? Our recent 
studies, using a Bmprla/Bmprlb 
retina CNDKO similar to that de- 
scribed above, have revealed that 
multiple developmental programs 
that simultaneously operate in indi- 
vidual cells are regulated at differ- 
ent threshold levels of BMP signal- 
ing that can be genetically titrated 
by the total level of overall func- 
tional BMP receptors (Murali et al., 

2005) . Using the S/xJ-Cre trans- 
genic mice described above, we 
created CKO mutant animals that 
lack Bmprla in the developing ret- 
ina, but no apparent eye abnormal- 
ity was detected in these animals. 
Further reduction of BMP receptor 
activity by removing one functional 
copy of Bmprlb in the Bmprla ret- 



ina-CKO mutant background again 
resulted in no detectable changes in 
eye morphology (Fig. 5A) or gener- 
ation of various retinal cell types. 
However, these animals were found 
to exhibit abnormal retinal dorsal- 
ventral (D-V) patterning (Fig. 5B- 
D). This suggested that one copy of 
Bmprlb is sufficient to maintain 
eye morphogenesis and differenti- 
ation, but not to specify spatial pat- 
terning of the developing retina. In 
the Bmprla/Bmprlb retina CNDKO 
mutants, lacking both of these 
genes resulted in severe eye de- 
fects (Fig. 5E), characterized by re- 
duced growth of embryonic retina 
and failure of retinal neurogenesis. 
These findings are consistent with 
the notion that Bmprla and 
Bmprlb play redundant roles dur- 
ing retinal development. In addi- 
tion, a spectrum of phenotypes cor- 
related with the levels of loss of 
BMP receptor function suggests dif- 
ferent threshold levels of BMP 
signaling regulate distinct develop- 
mental programs such as pattern- 
ing, growth, and differentiation of 
the retina (Murali et al., 2005). This 
provides one model as to how BMP 
signaling can regulate diverse cel- 
lular responses during organogen- 
esis in vertebrates. The mecha- 
nisms by which individual cells 
sense the overall receptor-medi- 
ated signaling and translate it to 
elicit qualitatively distinct genetic 
programs may have implications 
for other growth factor signaling 
systems. 

Genetic redundancy has also 
been a challenge for investigators 
to generate mouse models that 
precisely mimic certain human dis- 
eases. One prominent example is a 
series of attempts to model human 
retinoblastomas in the mouse. Ret- 
inoblastomas develop early in life 
and at high frequency in individuals 
heterozygous for a germline muta- 
tion of the retinoblastoma (RB) 
gene, the first known tumor sup- 
pressor gene identified (Friend et 
al., 1986; Fung etal., 1987; Leeet 
al., 1987). Sporadic retinoblasto- 
mas also invariably have somatic 
mutation in the RB gene. Although 
humans who have inherited germ- 
line RB heterozygous mutations are 
at some increased risk for tumors 
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Figure 5. Tissue-specific gene redundancy revealed by retina -specific Bmprla CNDKO 
A-D: Retinal D-V patterning defects in Bmprla" 0 *-; Bmprlb +/ ';Six3-Cre/-r mutant mice 
(Mutant). Control littermates shown are representatives of the Bmprla" 0 */*; Bmprlb +/ +; 
Six3-Cre/+ or Bmprla nox/+ ; Bmprlb* /+ ; Six3-Cre/+ genotypes. A: The Bmprla~ /fx ; Bm- 
prlb*'"; Six3-Cre mutants show no overt morphological defects in the eye (bottom). B,C: 
Coronal sections of embryonic eyes with dorsal on top. In the mutants, the expression of 
a dorsal marker Efrnb2 is lost (B; bottom), while transcripts of Ephb2 t normally ventraily 
enriched, are now expanded throughout the retina (C; bottom). D: Analysis of retino- 
tectai axon projections in the superior colliculus of the midbrain in postnatal day 7 (P7) 
animals. Focal injection of Dil into the dorsal retina of the left eye reveals a single 
termination zone of dor-sal retinal ganglion cell axons in a lateral-posterior region of the 
contralateral (right) superior colliculus in control animals (top; arrowhead). In contrast, 
in the mutants, several ectopic termination zones are seen (bottom; arrows), in addition 
to a normal lateral -posterior spot (bottom; arrowhead), characteristic defects associated 
with D-V patterning abnormality. The axes in the right superior colliculus are indicated: 
A, anterior; I, lateral; M, medial; P, posterior. E: The Bmprla nox/ -; Bmprlb'''; Six3- 
CreA CNDKO mutants exhibit an eyeless phenotype at birth due to severe degeneration 
during embryogenesis. Abbreviations: le, lens; nr, neuroretina. 



other than retinoblastoma, such as 
osteosarcomas (Eng et al., 1993), 
the retina-appears especially sensi- 
tive to RB loss. The reason for this 
tissue sensitivity is unknown. In ad- 
dition, the cell of origin of retino- 
blastomas has been controversial. 
Given apparent developmental ori- 
gins of retinoblastoma (Salim et al., 
1998), elucidating the role of RB in 
normal retinal development should 
help to explain the mechanisms and 
origins of this tumor. However, 
early attempts to genetically model 
retinoblastomas in the mouse re- 
vealed intrinsic difficulty. First, un- 
like human, germ-line Rb+h mice 
never develop retinoblastoma, al- 
though they tend to develop other 
types of tumors, including pituitary 
and thyroid tumors at high fre- 
quency (Jacks et al., 1992). Sec- 
ond, Rb homozygous mutant em- 
bryos die after midgestation with 
defects in erythropoiesis and pla- 
cental development (Clarke et al., 
1992; Jacks et al., 1992; Lee et al., 
1994; Wu et ah, 2003). Although 
generation of mouse chimeras 
composed of wild-type and Rb ho- 
mozygous mutant cells allowed 
survival to adulthood, these mice 



also do not develop retinoblastoma 
(Maandag et a!., 1994; Williams et 
al., 1994). Recently, several groups 
generated Rb retina CKO mice 
(Chen et al., 2004; MacPherson et 
al., 2004; Vooijs et al., 2002; 
Zhang et al., 2004). Although some 
differences in phenotype appar- 
ently depend on the timing and cell 
type of Rb deletion, the studies col- 
lectively revealed that Rb function 
is essential for the specified retinal 
precursors to exit the cell cycle cor- 
rectly and survival of certain retina! 
cell types, including retinal gan- 
glion ceils, photoreceptors and bi- 
polar cells. However, again, these 
Rb retina CKO mutants did not de- 
velop retinoblastoma, even on a 
Trp53 mutant (CNDKO) back- 
ground (MacPherson et al., 2004). 
These results were consistent with 
the hypothesis that other related 
Rb gene family members, pl07 
(Rbll) and pl30 (Rbl2), may com- 
pensate for the loss of Rb in the 
mouse. In contrast to the essential 
role of Rb during development, 
pl30 -l- and pl07-/-m\ce survive 
to adulthood without mutant phe- 
notypes (Cobrinik et al., 1996; Lee 
et aL, 1996). Null mutations for 



these Rb-related genes were then 
combined with the Rb retina CKO 
mutants. The resulting CNDKO an- 
imals indeed showed retinal dyspla- 
sia or retinoblastoma (Chen et al., 
2004; MacPherson et aL, 2004). In 
both RblplO? and Rb/pl30 retina 
CNDKO mutants, retinal progenitor 
cell proliferation and precursor 
specification did not appear af- 
fected. Most significant was an ab- 
errant cell proliferation of all speci- 
fied retinal precursor cell types 
examined even postnatally, consis- 
tent with perturbation of cell cycle 
exit. Subsequently, there was the 
elimination of some ectopically pro- 
liferating precursor cell popula- 
tions, including those fated to 
become retinal ganglion cells, pho- 
toreceptors, and bipolar cells. In 
contrast, other cell types, including 
amacrine and horizontal neurons, 
and Muller glial cells survive. In the 
retinas of Rb/pl07 retina CNDKO 
mice, these cells appear to exit the 
cell cycle eventually by postnatal 
day 30 (P30) and terminally differ- 
entiate (Chen et aL, 2004). The ret- 
inoblastomas that arise in both Rb/ 
p!07 and Rb/pl30 retina CNDKO 
mutants possess inner nuclear 
layer (INL) characteristics predom- 
inantly of the amacrine lineage. 
These studies have provided a 
novel model for the development of 
retinoblastoma, implying that tu- 
mors arise from a subset of the INL 
precursor cell population that are 
death-resistant under perturbation 
of Rb-dependent cell cycle exit, 
rather than undifferentiated pro- 
genitor cells. These inheritable 
models of retinoblastomas will pro- 
vide versatile resources for the 
analysis of the cell-of-origin of this 
tumor, for the elucidation of the ge- 
netic events during tumor progres- 
sion, and for comparison of the mo- 
lecular features in mouse versus 
human retinoblastomas. 

Combining conditional mutants 
with other mutant backgrounds is 
not only useful to elucidate genetic 
redundancy, but also to provide a 
versatile system to explore interac- 
tions of distinct genetic pathways in 
specific biological contexts. It has 
often been difficult to genetically 
determine whether multiple genet- 
ically interacting signaling path- 
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ways act consecutively or function 
in parallel to impinge upon certain 
developmental processes by com- 
bining conventional KO mutants. 
Some recent studies using combi- 
nations of compound CKO mutants 
have started to explore epistatic re- 
lationships of multiple genetic 
pathways in tissue-specific con- 
texts. One such study focused 
on embryonic limb development, 
where multiple signaling centers 
are involved in the regulation of 
axis patterning. Those include the 
AER that controls proximal-distal 
elongation, the zone of polarizing 
activity (ZPA) responsible for ante- 
rior-posterior patterning, and the 
limb bud ectoderm to direct D-V 
axis formation. In addition to FGF 
signaling discussed above, other 
peptide growth factor signaling 
pathways are implicated in the for- 
mation and activities of these limb 
patterning signaling centers. 

BMP signaling has been impli- 
cated in the negative regulation of 
the AER and D-V patterning of the 
limb bud (Ng et al., 1999). For ex- 
ample, expression of a constitu- 
tiveiy active form of Bmprla caused 
ectopic expression of Fgf8, an AER 
signaling component, and the ven- 
tral patterning regulator Enl (Pi- 
zette et al., 2001). Consistent with 
this observation, conditional inacti- 
vation of Bmprla in limb ectoderm, 
including the AER, impairs both AER 
formation and D-V patterning of the 
limb, and perturbs the expression 
of Fgf8 and Enl (Ahn et al., 2001). 
Wnt signaling is another compo- 
nent that participates in various as- 
pects of limb patterning (Capdevila 
and Izpisua Belmonte, 2001). More 
recently, the function of /3-catenin, 
a key mediator of Wnt signaling, 
was disrupted specifically in early 
hindlimb bud ectoderm (Soshni- 
kova et al., 2003). The resulting 
0-catenin CKO mutants, depending 
on the timing and extent of Cre- 
mediated recombination, exhibited 
a variety of phenotypes ranging 
from complete loss of the hindlimbs 
to truncation of distal skeletal ele- 
ments and/or absence of digits. 
These defects correlated with at- 
tenuation of the expression of FgfS 
and Bmp4 f indicating disruption of 
AER formation. Notably, mildly af- 



fected hindlimbs showed loss of 
ventral and duplication of dorsal 
structures, as indicated by the ab- 
sence of ventral dermis and pres- 
ence of circumferential nails. This 
was also associated with loss of Enl 
expression and ectopic Wnt7a ex- 
pression in the ventral ectoderm. 
Also in this study, a conditional 
gain-of -function allele of /3-catenin 
(Harada et al., 1999) activated by 
the same Cre transgene was. used, 
such that the effect of elevated 
0-catenin signaling was examined. 
Conditional activation of /3-catenin 
caused ventral expansion of Fgf8 
and Bmp4, associated with overall 
expansion of limb bud outgrowth, 
opposite to loss-of-function effects 
(Soshnikova et al., 2003). Striking 
similarity in the defects observed 
both in Bmprla and /3-catenin CKO 
mutants, i.e., defective AER forma- 
tion and dorsalization of the ventral 
limb, prompted the hypothesis that 
BMP and Wnt signaling pathways 
cooperate to regulate these pat- 
terning processes. In order to in- 
vestigate a potential epistatic rela- 
tionship between BMP and Wnt 
signaling, Bmprla CKO and gain- 
of-function p-catenin backgrounds 
were then combined (Soshnikova 
et aL, 2003). Remarkably, acti- 
vated /3-catenin rescued induction 
of AER markers and allowed ex- 
pansion of the limb bud on the 
Bmprla CKO background, suggest- 
ing that Wnt signaling mediated by 
/3-catenin acts downstream of 
Bmprla-mediated signaling in AER 
formation. In contrast, activated 
/3-catenin expression did not rescue 
ectopic dorsal characters by the 
loss of Bmprla. Thus, /3-catenin 
signaling may act upstream or in 
parallel to BMP signaling in limb D-V 
patterning. The use of such combi- 
nations of tissue-specific inactivat- 
ing and activating mutant alleles 
will become useful approaches to 
elucidate complex genetic network 
underlying certain developmental 
events. 

CONCLUDING REMARKS 

Technical aspects of tissue-specific 
gene modification approaches are 
still improving, and these ap- 
proaches will remain a versatile 



means to elucidate gene function 
and . address important biological 
questions. In addition, since the 
completion of the mouse genome 
sequencing project, a portion of the 
mouse genetics field has been mov- 
ing toward saturating the genome 
with random and targeted muta- 
tions using conventional ap- 
proaches (Justice et al., 1999; Han- 
sen et al., 2003; Stryke et al., 
2003; Austin et al., 2004). In the 
long term, future analyses of the 
mutant resources from these large- 
scale efforts will be integrated with 
those from the tissue-specific gene 
modification techniques discussed 
above, which will further increase 
the overall synthesis of the entire 
system of mouse genetics beyond 
our current imagination. 
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